In the steam generator of a sodium-cooled fast reactor, high-pressure water flows inside heat transfer tubes while liquid sodium flows on the shell side. Heat is exchanged through the tube wall. When the tube fails, water vapor leaks into the sodium stream, and a sodium-water reaction is initiated. This reaction occurs rapidly and generates a high-temperature jet. It then becomes possible for neighboring tubes to experience a secondary failure due to overheating. With regard to the secondary failure, an estimate of heat transfer from fluid to the tube is important for safety evaluation. In the present study, a numerical analysis has been carried out to determine the heat transfer coefficient from temperature data obtained in a sodium-water reaction experiment. By updating the heat transfer coefficient, an inverse problem of heat transfer has been solved in the analysis based on the result of the SWAT-1R experiment. It is found that the heat transfer coefficient fluctuates largely during the reaction. The heat transfer coefficient is affected by the flow characteristics. Hence, we characterize the flow pattern near the heat transfer tube at typical periods in the phenomenon progression.
I. Introduction
In the steam generator of a sodium-cooled fast reactor (SFR), water flows inside heat transfer tubes while the sodium flows on the shell side. When a tube fails, water vapor would leak into the sodium stream thereby initiating a sodium-water reaction (SWR).
The SWR is accompanied by erosion and corrosion in a high-temperature environment causing neighboring tubes to heat up. There is a possibility that the neighboring tubes will experience a secondary failure. The secondary failure could either come from wastage caused by erosion and corrosion or simply by tube rupture from overheating. In case of an overheating rupture, the neighboring tubes experience heatup and the material strength deteriorates in the high-temperature environment. They then fail because of the pressure difference between the inside and outside of the tubes. For instance, in 1987, a secondary failure occurred in the superheater of the Prototype Fast Reactor (PFR) in the UK; 1) thirty-nine overheating ruptures occurred within 10 s. Therefore, the prediction of an overheating rupture in the SWR is required for the safety evaluation of the SFR steam generator (SG) . From the viewpoint of the overheating rupture assessment, the tube temperature will be essential and thus a heat transfer coefficient (HTC) on the outermost tube surface is of importance.
In the previous works, the experimental results of the HTC for the SWR have been summarized based on a fluid temperature near the tube.
2) Then, a conservative value is assumed to evaluate the probability of the overheating rupture. Since flow characteristics that strongly affect the HTC were not taken into consideration in the previous works, it is apparent that the summarized data has a wide variance. The motivation of the present study is to evaluate a more accurate value of the HTC so that one achieves a best estimation of the possibility of the overheating rupture.
With regard to the experimental data, the SWAT-1R experiment was conducted by the Japan Atomic Energy Agency (JAEA) 3) to measure a temperature distribution and to estimate the HTC during the SWR. In this paper, the transient behavior of the HTC between the tube and fluid near the SWR region has been analyzed numerically by solving an inverse problem of one-dimensional thermal conductivity using the experimental data from SWAT-1R as a boundary condition. Furthermore, the flow characteristics near the SWR region have been discussed based on the magnitude of the HTC and its transient behavior.
II. SWAT-1R Experiment
Let us discuss the SWAT-1R experiment 3) briefly. Figure 1 shows the schematic of the SWAT-1R test vessel. The test vessel consists of double vessels filled with stagnant liquid sodium. At the bottom of the inner vessel, there are several holes through which liquid sodium can flow to/from the outer vessel during the experiment. The test section is immersed in liquid sodium inside the inner vessel. As shown in Fig. 2 , the test section consists of 43 dummy tubes to simulate the heat transfer tubes in the steam generator. These tubes are made of 2-1/4Cr-1Mo steel and are 31.8 mm in outer diameter and 3.8 mm in thickness.
One of tubes from which water vapor is injected into the liquid sodium is placed at the bottom of the test vessel and is labeled as ''water vapor injection tube'' in Fig. 2 . The initial pressure and temperature of liquid sodium in the test section are set to be around 0.2 MPa and 470 C, respectively. Pressure and temperature conditions of the water vapor are set at 16.8 MPa and 350 C, respectively. The water vapor was expelled vertically upward for 30 s from the leakage nozzle that is 5.8 mm in diameter and is located at the top of the injection tube. The average leakage rate was set to 0.15-0.2 kg/s, which is categorized as ''intermediate leakage. '' 4) The temperature measurement tube was situated approximately 100 mm above the leakage nozzle (the hatched line tube in Fig. 2 ). Thermocouples (T/Cs) were placed at three axial locations, as shown in Fig. 3 . Locations B and E are placed just above the leakage nozzle. Locations A, D, C, and F are set 50 mm away from the center position. Figure 4 shows the detailed arrangement of the T/Cs. Three T/Cs were embedded in each location. One is placed in the liquid sodium 2 mm away from the tube surface (Point a). The others are embedded at different depths of the tube wall (0.7 mm (Point b) and 3.1 mm (Point c) from the outer surface). In the experiment, liquid sodium was used as a coolant inside the measurement tube. The flow rate of the liquid sodium was determined so as to achieve the same magnitude of heat removal as in the actual situation (water and/or water vapor flow).
III. Numerical Method
The temperature of the heat transfer tube is computed by solving a one-dimensional heat conduction equation in the cylindrical coordinates system. The governing equation is described as φ400 φ500 
where !, &, and C p are the thermal conductivity, density, and specific heat, respectively. T, r, and t are the temperature, radial coordinate, and time, respectively. Equation (1) is discretized based on a control volume of each computational cell as
where the subscripts i and i AE 1 indicate the i-th and the adjoining control volumes, respectively. The superscripts n and n þ 1 mean the last and the subsequent time, respectively. Át is the time step size. A is the surface area of the control volume. ÁV is the volume of the computational cell. The subscript i AE 1=2 means the surface between control volumes. At the outermost surface of the tube, an HTC (h) is used to evaluate the heat flux between the tube and the fluid. A schematic of the outer surface is shown in Fig. 5 .
At the outermost computational cell, the governing equation of energy is discretized as follows:
where the subscript im means the outermost surface. T f is the temperature of the fluid and r b represents the outer tube radius. T f is treated as fluid temperature. It is impossible to distinguish between a liquid and a fluid temperature from a single set of T/C data. Hence, a homogeneous fluid is assumed in the analysis and the overall HTC (h) is calculated. Then, the flow characteristics, especially in terms of void fraction, were investigated based on the magnitude of the HTC. To solve Eqs. (2) and (3), one has to know the value of the HTC (h) and the boundary of the temperature. The following procedure is applied to obtain the HTC in each time step. The computational domain is defined in the region from Point c (inside of the tube) to Point a (fluid region). At each time step, the experimental results at Points a and c are used as the boundary condition. As a result, one can calculate the temperature distribution inside the tube under a certain HTC condition. In other words, the HTC can be evaluated inversely so that a tube temperature at a certain depth coincides with that in the experiment. The experimental result of Point b is chosen for the criterion. A bisection method is applied to the inverse procedure, and the Tri-Diagonal Matrix Algorithm (TDMA) is used for solving Eqs. (2) and (3). It is noted that when the temperature difference between the T/Cs becomes quite small, the solution does not converge for some steps (i.e., infinite or negative HTC value). This will be attributed to the fact that the measurement inaccuracy increases in the case of a small temperature difference. In that situation, the time step size is incremented until the solutions of Eqs. (2) and (3) are obtained. This procedure implies that the time-averaged HTC is calculated during that time period.
IV. Numerical Investigation of Heat Transfer Coefficient in SWAT-1R Experiment
Numerical Conditions
In the computation, the time step and time duration are set to 0.05 and 65 s, respectively, which are the same as in the sampling procedure in the experiment. The time duration includes 5 s before injection, 30 s of injection, and 30 s after the end of injection.
With regard to the convergence criterion of the bisection method, 1:0 Â 10 À10 K is applied. The physical properties (specific heat, density, and thermal conductivity) of the tube material (2-1/4Cr-1Mo) are calculated using the empirical correlations. 5, 6) It is noted that during the experiment, no data were obtained from one T/C at Location B, indicating some problem with that T/C.
Result of Heat Transfer Coefficient
(1) Lower Side of Measurement Tube (Locations A and C) Figure 6 shows the transient history of the fluid temperature (experiment) and the HTC (analysis) at Location A. The HTC fluctuates for an initial 2 s from the injection, as shown in Fig. 6 . Subsequently, the comparatively stable HTC continues until 5 s from the injection. During 5-18 s, the fluctuation of the HTC is higher than before, and unex- plainably large values of the HTC (> 200;000 W/m 2 /K) were intermittently calculated (i.e., values beyond the range of the graph). After 18 s, the distribution of the HTC fluctuated widely. During this period, a much higher HTC was analyzed, which was over the upper limit of the graph. Table 1 summarizes the average value of HTC at some representative time periods that are selected from the viewpoint of the HTC transient behavior. As shown in Table 1 , two average values are evaluated: one is a time average value and the other is a median value. During the first 5 s, the average values are similar to each other. On the other hand, the time average value differs from that of the median after 5 s, as listed in Table 1 . This is because a few extremely large values affect the time average value considerably.
Let us discuss the appropriate average value in each time period. Figure 7 shows the histogram of the HTC during 5-18 s at Location A. The time average and median values are also indicated. The median value corresponds to the mean of the histogram excluding the extremely large values. The time history of the temperature at Point A-b has also been simulated by solving Eqs. (2) and (3) with the time average and median HTCs in Table 1 . The computational results and the comparison with the experimental measurement are shown in Fig. 8 . The result using the median value agrees with the measured history much better than that with the time average value. Hence, the median value is chosen as the representative value in each period.
At Location C, a similar transient of the HTC is investigated, as shown in Fig. 9 , although the comparatively large fluctuation does not appear at the beginning of the injection (0-2 s in Fig. 6 ). During 0-17 s, the fluctuation of the HTC seems to be smaller than that at Location A. After 17 s from the injection, a sudden and wide fluctuation is evaluated at Location C. Furthermore, often in this period, the analysis failed to converge (see the number of the plotted data in Figs. 6 and 9). As seen in the fluid temperature history (solid line in Fig. 9 ), a sudden decrease was observed in the experiment at around 17 s. As a result, a small temperature difference between the fluid and the tube was achieved, resulting in no analytical solution. It may be said that the T/C in the fluid at Location C had some trouble 17 s after the injection. Table 2 . After 5 s from the injection, the HTC becomes nearly constant (Figs. 10-12) . The repre- Table 2) . The HTC at Location D is estimated to be slightly higher than that at Location F.
Discussion of Flow Characteristics
As shown in Tables 1 and 2 , the HTC varies quite widely throughout the SWR, which is caused by fluid characteristics, such as void fraction and velocity. For instance, an equivalent HTC is approximately 26,000 W/m 2 /K when the thermal conductivity of liquid sodium is only assumed between Point a and the tube surface. Moreover, the velocity of fluid (liquid or gas) should be fast because the high-pressure water vapor is rapidly expelled (at least, an acoustic velocity will be achieved at the leakage due to the critical condition of pressure difference). Hence, it can be said that an HTC value much higher than 26,000 W/m 2 /K will be achieved when the liquid sodium flow is dominant. At the same time, Yamaguchi et al. numerically suggested that the HTC in the SWR would be approximately 12,000 W/m 2 /K on a heat transfer outer tube surface under a gas-dominant condition (0.94 of void fraction). 7) Accordingly, the flow characteristics especially in terms of the void fraction could be discussed relatively based on the magnitude of the HTC. In the following discussion, the flow characteristics at each location have been investigated based on the transient history of the HTC.
(1) Initial Seconds of Injection During the first several seconds of injection, the SWR jet is developing and covering up the measurement tube. Simultaneously, the liquid sodium on the tube is being swept out by the jet. Therefore, the HTC will increase due to the convection of liquid sodium and then fluctuate due to a multiphase effect. When a gas phase is dominant near the heat transfer tube, the HTC will decrease. At Location A (the lower side of the tube), it is determined that the HTC increases rapidly up to approximately 60,000 W/m 2 /K and then decreases to 20,000-30,000 W/m 2 /K approximately 2 s after the injection, as shown in Fig. 6 . Hence, it could be said that the reacting gas covers up Location A at that time. On the other hand, an instantaneously high HTC is not calculated at Location C at the beginning of the injection, as shown in Fig. 9 . The representative value is estimated to be 15,000 W/m 2 /K during the initial 8 s, which is almost consistent with that of the gas-dominant condition (12,000 W/m 2 /K). Therefore, it might be said that the reacting gas instantaneously covers up Location C instantaneously (faster than Location A).
At the upper side, the comparatively high value of the HTC (> 100;000 W/m 2 /K) and the wide fluctuation are noted during the initial 5 s regardless of the location (D-F), as shown in Figs. 10-12 . The representative value is estimated to be approximately 50,000 W/m 2 /K, which corresponds to that during the initial 2 s at Location A. Therefore, liquid sodium will be a dominant fluid and the influence of liquid sodium will be not negligible at the upper side during this period. A schematic of the fluid condition is illustrated in Fig. 13 . Table 1 . At the same time, the magnitude of the fluctuation increases gradually at both Locations A and C. Probably, the influence of liquid sodium affects the fluctuation. Comparison of Figs. 6 and 9 shows that the magnitude of the fluctuation is larger at Location A than at Location C. In general, a void fluctuation and a velocity fluctuation, which can cause the HTC fluctuation, become stronger at an interface of the jet. Hence, it might be concluded that the interface of the reacting jet exists near Location A rather than Location C.
At the upper side, the same tendency is obtained at each location (D, E, and F), as seen in Figs. 10-12 . The representative value of the HTC is around 20,000 W/m 2 /K, which is lower than the stagnant liquid sodium condition (26,000 W/m 2 /K). Also, a fluctuation of small magnitude is obtained during this period. Consequently, it suggests that the upper side of the tube is consistently covered up with the gas phase. The reaction gas region during this period is illustrated in Fig. 14.  (3) 18 to 30 Seconds of Injection As shown in Figs. 6 and 9 and Table 1 , the quite large fluctuation and the high representative value (100,000 W/m 2 /K) are obtained at the lower side of the tube (Locations A and C). Considering the wide range of the fluctuation, the interface of the reaction region will exist near Locations A and C during this period as well as the preceding period (5-18 s). On the other hand, the representative value is about three times as large as that in the preceding period (Table 1) . Because a constant leakage rate (during the injection) was observed in the experiment, 3) it is difficult to explain the increase in the value following a velocity change. Therefore, it could be said that a liquid phase covers up Locations A and C and that the influence of liquid sodium increases significantly during this period.
Let us discuss the validity of the high HTC (>100;000 W/m 2 /K) by assuming a liquid phase flow. For simplicity, the following Subbotin's heat transfer correlation 8) for liquid metal is applied using the tube outer diameter as a characteristic length.
Nu ¼ 5 þ 0:025Pe 0:8 :
Here, Nu and Pe mean the Nusselt number and Peclet number, respectively. Nu and Pe are defined as
where L is the characteristic length. Pr and Re are the Prandtl number and Reynolds number, respectively. is the thermal diffusivity. # and U are the dynamic of viscosity and average velocity, respectively. From Eqs. (4) to (6) 
For the physical properties of liquid sodium at 1,100 K and h ¼ 113;000 W/m 2 /K, the average velocity is estimated to be 31.1 m/s. In the benchmark analysis of SWAT-1R with a multidimensional and multiphase thermal hydraulics simulation, 9) the gas phase velocity was determined to be more than 100 m/s at the measurement tube. Therefore, it will be possible to achieve about 30 m/s for the liquid phase velocity near the interface of the reaction gas region.
Concerning the upper side of the tube (Locations D-F), the HTC does not change in comparison with the preceding period (5-18 s), as seen in Figs. 10-12. Hence, it is suggested that the upper side of the tube remains to be covered up by the gas phase during this period. Figure 15 shows the schematic of the fluid condition during this period. As shown in Fig. 15 , the gas region is estimated to spread out at the upper side of the tube. This might result from the collision of the gas region at the lower side of the tube. 
